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ABSTRACT 
Algal cultures can be very rapid and efficient means to generate biomass and regenerate the atmosphere for closed 
environmental life support systems. However, as in the case of mast higher plants, a significant fraction of the 
biomass produced by most algae cannot be directly converted to a useful food product by standard food technology 
procedures. This waste biomass wl l l  serve as an energy drain on the overall system unless i t  can be efficiently 
recycled without a signifiavlt loss of its energy content. 
We report experiments i n  which cultures of the alga Scenedesmus obliauus were grown in the light and at the 
expense of an a & M  carbon source, which either replaced or supplemented the actinic light. As part of these 
experiments we tested hydrolyzed waste biomass from these same algae to determine whether the algae themselves 
could be made part of the biological recycling p r m .  Results indicate that hydrolyzed algal (and plant) biomass 
can serve as carbon and energy sources for the growth of these algae, suggesting that the efficiency of the closed 
system could be significantly improved using this recycling prccass. 
INTRODUCT ION 
The operation and utility of a CELSS, a biologlmlly driven and maintained life-support system that can be 
considered as a small biosphere, will be subject to the same rules and limltatlons as any other photosynthetically 
driven system. This Is particularly true of energy flow. Since energy wi l l  undoubtedly be one of the limiting 
mmmodltles in any long-term space-flight mission, the use and -of energy during the course of the mission 
wi l l  be of fundamental importance. 
The efficiency of energy utilization in photosynthetically-driven systems -- be they alga-based. 
higher-plant-based, or  as Is most likely, I combination of the two -- has two fun&mental limitations with 
respect to energy utillzatlon andconservation: 
1 )  Photosynthetic systems can harvest at mast 20% of the (white) light energy that Is absorbed by the 
photosynthetic tissue. ( This value can be increased to ca. 30$ if relative monochromatic red light can be 
efficiently supplied, although this ma/ have deleterious secondary consequences in the case of many higher 
plants.)/l/ 
2) Onlya relatively small fraction of the plant or algal product wi l l  generally be useful as food for thecrew. In 
most cases only part of the plant or alga wl l l  be consumed by the crew, the remainder being discarded during the 
cwrse of preparation. 
The losses mur ing  due to the mnsiderations of item " 1  ma/ be immutable (at  least in the relatively near term) 
and thus wi l l  not be mnsidered further in this communication. Instead, we wi l l  concentrate our efforts on item = 2 ,  
and explore means by which this energy drain cwld be alleviatedor eliminated. 
The yield potential of agronomic crops hes been substantially Increased through breeding programs whose goal was 
the development of plants that provide a greater percentage of useful biomass (e.9. seeds, edible stems, tubers, 
ek.1 to total biomass. This proportion, called the harvest index, i s  a measure of haw the products of photosysthesis 
(and indirectly light energy) are partitioned. Table 1 is  a compilation of the harvest index of a number of crop 
plants, some of which are currently being considered for a CELSS. Note that this value Is generally below S O W ,  
Indicating that for most plants more than one-half of the energy photosynthetically fixed would be unavailable to 
the CELSS biosystem. A similar, though less clear-cut case can be made for the case of algae, particularly 
&m&srnus Chlorella and a i ru l inp (Table 2). In this instance roughly 50% of the blomess is In the form of 
protein that i s  beneficial to humans. If these algae were to be produced and harvested only for their prolein 
content, the remainder would be waste biomass. 
These data suggest that, without special provisions, about one-half of the captured enerw of the food plank of a 
CELSS would be degraded vla the waste-handling system. One posslble means for surmounting this problem would 
be to recycle this waste biomass; Le., use the energy content andassocialed carbon skeleton structures of the waste 
biomass to produce new useful biomass. In this way, one would be able to minimize the intervening Oxidative 
(waste-prazssing) steps, which basically degrade high-grade light energy lo low-grade heat energy without the 
extraction of useful metabolic energy. In essence, we would attempt to extract useful "work" from otherwise 
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unusable biomass. 
TABLE I .  Harvest index of some crop species. The harvest index in the percentage of total aerial dry weight at 
maturity that represents economic yield (grain or seed). Adapted from ref. 2. 
m 
Maize, hybrids 
Sorghum 
Rice 
Barley 
Wheat 
Rye 
Dry bean 
Soybean 
Harvest Index ( % 1 
Averax Ranee (different species) 
42 38 to 47 
41 
51 
40 
3 s  
27 
59 
32 
40t041 
43 to 57 
35 to 52 
23 to 46 
27 to 29 
53 to 67  
29 to 36 
JABLE 2. Chemical Composition of Different Algae ( %  dry matter) Adapted from ref 3. 
ComDonent Scenedesmu5 Solrulina Chlorellu 
Crude Protein 50 to 55  55 to 65 40 to 55 
Lipids 8 to 12 2 to 6 IO to 15 
Car bohydrates IO to 15 l o t o  15 l o t o  I5 
Crude fiber 5 to 12 1 l o 4  5tO 10 
Ash 8 to 12 510 12 5 t o l O  
Moisture 5 to 10 510 IO 510 IO 
There are several opttons avallable for the heterotrophlc component this recycle system: yeast. which have a long 
history of useful controlled fermentative growth, some bacteria, and some algae. [We should note that higher 
(crop) plants cannot function in this role.] In this communication we wi l l  concentrate on the use of algae. 
Under normal conditions, most algae grow photosynthetically, but some strains have the ability to use alternate 
growth modes (see e.g. ref 4). This photosynthetic growth mode, in which cell carbon is obtalned from the carbon 
dioxlde (C02) in the gas phase and metabolic energy is obtained from sunlight, is  often referred to as -. At  the opposite extreme, so-called &mgheterot r m ,  cell carbon and metabolic enerw are both 
derived from organic compounds (nutrients). Other, mlddle-ground. growth modes also are observed in some a l p .  
In the case of -, growth i s  maintained at the expense of organic compounds which are taken up, or 
there Is a photoassirnllated. at the expense of light energy. In another mode of growth, so-called mixotroohv. 
simultaneous assimilation of organic carbon sources and 0 2  in the light in amounts that vary with culture 
conditlons. 
In the present communication we wi l l  describe some experiments i n  which we attempt to use some of these 
alternate modes of algal growth to produce the green alga ' . Our results suggest that this 
orwnism can be produd in this manner, and that these alternate mo&s of growth could provide the means to 
significantly increase the overall energy utilization efficiency of a CELSS. 
flATERlALS AND MElHOOS 
Culture Conditlons and Samollna Technbm 
Growth of S.obliouu3 was achieved in a mineral salts medium, supplemented where appropriate with heterotrophlc 
carbon sources. The Basal Medium contained per liter: 2.09; K HPO4, 0.199; KH PO4, 0.0759; 
MgS047H 0,0.59; CaC12.2H20,O.OIg; Hutner's flineral SalE%i, 1.0 ml. ?he carbon murce 6r this medium 
was p r o v i k  by bubbling with 2% 032 in air. If required, solid medium for growth of S.obliauus was prepared by 
addition of glucose (OS%, w/v) and Bactoagar ( I W, w/v) to theabove medium. 
Small scale cultures were maintained in I5 ml capped test tubes ntaini g 3 ml of Basal Medium plus glucose and 
experiments, were grown in Roux bottles containing 700 ml of Basal Medium. Mixing was achieved by bubbling 
with CU or alr. The culture bottles were enclosed in a blackened box that had only one side open to the light. This 
served 60 purposes: (i) i t  minlmized the amount of reflected light reaching theculture, and ( i l )  i t  allowed the 
level of incident light to be Varied by use of cheesecloth Screens over the open side of the box. 
incubated on a rotary drum at 28% and low light (40uE m- 9 P  set- 1. Larger scale cultures, for growth 
10 
To facilitate intermittent sampling, the Roux bottles were sealed with a rubber stopper pierced by two stainless 
steel sparging needles and a vent opening. A sterile 20 ml syrinCe was attached to one of the needles and C%/air 
was admltted to the culture via the other. To remove a sample, the vent was clamped shut, whereupon the mounting 
air pressure inside the vessel forced algal suspension into the removable syringe. 
Preosrdlon of Aloal ExtrxtS. 
A water soluble extract of algal biomass was prepared in the following way. Dried algal cells (20 g) were 
homogonized thoroughly In 200 m l  of chloroform/methanol ( 1:1, v/v) and extracted for 24 h to remove lipid and 
pigments. The organic extraction was repeated twice. The extracted biomass was collected by centrlfugation, drled 
and resuspended in 100 ml of water. Cellulase was added to a final concentratlon of 0.1 mg/ml and the mlxture was 
lncubatedat 2S0C, wlth stirring, for 24 h. Partlculate material was removed by centrlfugation and the remalnlng 
water soluble extract was heated in  a bolling water bath for 20 min to inactlvate the cellulase. Thls heating step 
also reduced the volume of extract to approximately 50 mi. The extract was sterilized by filtration through 02m 
filters prior to use. 
NO attempt was made at this stage to quantitate the level of organic material, or specifically glucose, in tho extract. 
Where appropriate, the extract was included in the growth medium at 8 level of 2X, v/v. 
RESULTSAND DISCUSSION 
Before we could ascertain whether organic compounds had any effect on autotrophically grown 5.obliauus. II was 
necessary to determine culture conditions in which light was limiting growth. Therefore, algal cultures were 
grown autotrophically at different incident light intensities in order to deter ine truly growth-llmiting llghl 
was in&pen&nt of light intensity in our system, Le.. the light was saturating (data not shown). igu e I shows 
the aulotrophlc growth kinetics observed at three light in  nsi ies, namely 46, 80 and I44 BE rn-$s- r. Note that 
an Incident llght intenslty of approximalely 46 DE m-8s-I resulted in  a growth rate equivalent to half the 
maxlmum observed rate. Accordingly, subsequent experiments req irl g light-llmited growth of S.obllauus were 
performed at an incident light intensity of approximately SOME mqY s-?. 
intensity. We observed that above an incident light intensity of about 70pE m’ 9 s -1 the growth rate of S.obllauuS 
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Pic. 1. Culture dry wcighl PS P function or tlme Tor growth oTS.obllPvvs at dllferent 
llghl Inlonsllies. Cultures wore grown In Roux bottles contalnlng basal modlum, 
bubbled wlth 2% Co1. Cell growth wns assayed by performlng d r y  weight 
monsurornontr on dupllcak 20 ml tnmples tnkcn at dally Intervals. Llght htensitler 
In @n m-2 s-?: o---o.ao ; 0---0,46 ; A - - A , L ~ ~  
Table 3 summarlzes the results of a series of experiments in which we tested the abllity of various carbon sources 
to support or supplement the growth of 5.abliauuL In these experiments the organisms were grown either in the 
dark or under limiting lighl, and the growth medium supplemented with various carbon sources; Le., carbon 
dioxido (either 0.03.%, the amount In air, or air amended with 2% ), glucose ( O S X ,  w/v), or algal extract 
(2%,  v/v). For each growth cundltion cell number was monitored as T a unction of time. These data were graphed. 
and the minimum daubling time for each culture was determined from the graph. The maximum growth rate (11) 
was then calculated lrom the doubling times. Each value in Table 3 represents the mean of two separate 
experiments. 
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TABLE 3. Growth rate and doubling time of S.obliouufas a function of available energy source 
GROWTH CONDITION CARBON DOUBLING TIME GROWTH RATE 
SOURCE (h) (Id 
la) light/autotrophic alr (CO2) 
b) light/autotrophic 2% co2 
c) dark/autotrophic 2% a 2  
50.7 0.0 14 
28.8 0.024 
n.d. 0 
2a) 1 lght/m ixotrophic glu + air (CO2) 16.1 0.043 
b) light/mlxotrophic glu + 2% CO2 15.6 0.044 
c) heterotrophic (dark) glu + 2x02 18.9 0.037 
b) light/mixotrophic extract + 2% CO2 23.0 0.030 
c) heterotrophic (dark) extract + 2% CO2 24.2 0.029 
3a) 1 ight/m ixotrophic extract + air (CO2) 23.5 0.029 
The flrst two items in Table 3 (items la  & 1 b) show?he growth rates and doubling times observed when S. 
pPliauus was cultured under limiting light (ca. 25 DE m-2 s- I )  with unamended air (containing 0.03% and 
air amended with 2% CO, Note that even under these limiting light conditions the growth rate was increased 
substantially by increasinjl the CUT We should also note that the maximum rale observed in these experiments 
(~=0.024) Is about a factor of four less than the maximum rate observed with these organisms in our hands Under 
saturating light and COP Item IC is the "dark control'. 
Items 2a-2c show the effect of added glucose on the growth rates. Under these low-llght conditions the growth rate 
of 5. o b l i a m  in the presence of added glume was almost double the rate observed in autotrophic cultures at the 
same light intensity. Note that there was very little effect of added CO ; the observed rates at 0.03% CO2 (air) and 
2% CO, were almost identical. This observation Is confirmeff by the results shown in item IC: the 
glum-supported growth rate i n  the absence of light was substantially higher than the autotrophic rate under the 
same light Intensity. and was within a. 20% of the mixotrophic rate. Thus under these conditions the 
glocose-supported heterotrophic rate is higher than the CO supported autotrophic rate and i s  within a lactor of 
two to three of the maximum observed rate under saturating?ight and COz. 
As shown in items 3e-3c. algal extract also supported a higher rate than that observed in autotrophic cultures, 
though the observed effect was less than with gluase. Again, as in items 3aand 3b above, there was no appreciable 
difference between the rates observed with or without added 9, and indeed, little significant effrxt of light at all. 
The observed lack of additivity of the dark and light rates may reflect the existence of a "Kok effect" It., the 
suppression of respiration by photmynthesis / 6 / .  Whatever the ultimate cause, these results do indicate that On 
algal extract prepared from S. obliauus can support the growth, either heterotrophically or mixotrophlcally, of 
this same organism. 
CONCLUSIONS 
Our results show that hydrolyzed biomass can serve as a carbon and energy source lor  the growth of 
these same algae. This finding suggests that the efficiency of biomass production In a CELSS might be significantly 
fncreased by r w c l i n g  unusable waste biomass, generated from the production of food from algal end plant 
biomass, through the algal system for the prodoction of additional whole algal material.* 
We wish to emphasize that a scheme of this type may provide the means to avoid, or at least minimize, futile 
energy cycles associated with carbon flow in a CELSS. The only significant energy input into the biological carbon 
cycle Is through pholasysthesis-related prazsses, which use this energy to produce the reduced carbon COmPWnds 
that mmprise higher plant and algae. This energy Is subsequently either harvested (via biological OXldatlOn 
processing by the crew) or lost via spurious oxidation or waste processing. As shown in Figure 2. the most 
straightforward, but energy &efficient pathway of carbon flow would be a scheme In which plant and algal West8 
materials would be ren/cled via the waste prccassing system. A mora complex, but more energy-efficient pathway 
would involve a scheme in which this route were short-circuited, and the reduced, and enerqprich waste biomass 
reused before oxidation. Such a recycling system could result in increases in the energy efficiency of carbon flW 
(and air regeneration) approaching SO%, compared to a system in which this non-edible material i s  Oxidatively 
decomposed by standard waste handling techniques. 
*An important point, not addressed by the rather preliminary experiments discussed above. is the relative 
efficacy of the different algal fractions for the support of algal growth. Ideally, the various algal fractions that 
cannot be converted to a useful component of the human diet would, after proper p r m i n g ,  prove to be-efficient 
carbon and energy sources for -. However, et present we annot rule out the possibility that the 
fractions supporting algal growth in the above experiments are the very same fractions that are best suited lo r  the 
production of human food. A definitive answer to this question would require a more detailed stu@ of both the food 
processlng technologies applicable to and detalled heterotrophic and mixotrophic growlh studies of 
this alga. 
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